to the AHF. Of note, the forkhead DNA binding protein pathway specifies the AHF through a Foxh1-Nkx2-5 complex that regulates Mef2c expression. Foxh1, previously named FAST2 (Labbe et al., 1998), is strongly expressed in the heart-forming regions during the looping stage (Weisberg et al., 1998) 
. Since Foxh1
Results is a nuclear target of the Transforming Growth Factor ␤ (TGF␤)-Smad signaling pathway (Attisano et al., 2001), Heart Defects in Foxh1 Null Embryos this suggests that TGF␤-like signals may also function Foxh1 is expressed throughout the gastrulating embryo, to regulate heart morphogenesis.
including the region corresponding to the AHF, and at TGF␤ signals through heteromeric complexes of translater stages of development it becomes increasingly membrane Ser/Thr kinase receptors that phosphorylate restricted to the heart (Supplemental Figure 1C, vi-viii). Further, posterior development appeared The molecular mechanisms that control formation of normal, as clearly defined right and left atria were evithe AHF in the mouse are unknown. Here we demondent in the mutants ( Figure 1C, vi) . Analysis of expresstrate that Foxh1 is required for formation of the AHF. sion of the pan-cardiomyocyte marker, ␣ cardiac actin Accordingly, Foxh1 Ϫ/Ϫ mutant embryos exhibit loss of (Actc1), showed similar results (data not shown). To Fgf8-and Fgf10-positive AHF cells and severe defects in further explore the morphology of the mutant hearts, we RV and OFT formation that closely resemble the defects employed optical projection tomography (OPT), which seen in Mef2c Ϫ/Ϫ mutant hearts. Indeed, we demonallows for three-dimensional imaging of fluorescently strate that Mef2c expression in the anterior region of the stained embryos (Sharpe et al., 2002) . In striking contrast heart is dependent on Foxh1 and identify a composite to wild-type embryos, Foxh1 mutants costained for Mybpc3 and Actc to highlight all of the cardiomyocytes Foxh1-Nkx2-5 binding site within the Mef2c gene that is regulated by TGF␤ signaling in a Smad-dependent displayed a poorly formed OFT that ended in a blind sac (Supplemental Movie S1). Next, we analyzed myosin manner. Furthermore, analysis of a lacZ-transgene driven by an intronic enhancer fragment of Mef2c harlight chain 2v (Myl2), an early marker of the ventricular region (Christoffels et al., 2000). Myl2 showed robust boring this element shows Foxh1-dependent expression in the presumptive AHF and its derivatives, the RV and expression in the future ventricle region of the abnormal mutant hearts ( Figure 1D ), indicating that they had at-OFT, where endogenous Mef2c is expressed. These results thus demonstrate that a TGF␤-like Smad signaling tained ventricular identity. However, as also highlighted Together, these results suggest that Foxh1 is not reTherefore, to explore whether the patterning defects in quired for development of the Isl1-positive medial Foxh1 mutant hearts might be caused by a failure in messplanchnic mesoderm per se, but is required for formaendoderm structures, we examined patterning in Foxa2 tion of the AHF, which arises from this population of embryonic mutant hearts. Although the anterior morcells. phology of Foxa2 embryonic mutant embryos was disturbed, expression of Smpx, Nppa, and Wnt11 was deMef2c Expression Is Dependent on Foxh1 tected in the heart at intensities comparable to wild-type Chamber specification in the vertebrate heart is controlled by a hierarchical transcription factor network that embryos (Supplemental Figure S2A-S2C ), contrasting Figure S2D for furin vitro EB differentiation (Supplemental Figure S2E) and ther details). After plating EBs on gelatin-coated dishes, performed ChIP. As shown in Figure 5B , the region of beating foci were marked and the cells then processed the Mef2c gene corresponding to the FNE was readily to detect lacZ activity. In ES cells harboring the wildapparent in Foxh1, but not in control nor differentiated type Fi3A-hsp68LacZpA transgene (clone S1-2), 100% R1 ES cell immunoprecipitates. Furthermore, analysis of beating foci stained for lacZ with minimal staining of Flag-Foxh1 immunoprecipitates using primers loobserved in nonbeating cells ( Figure 6A ). We also anacated 3.2 kb upstream of the FNE yielded no product, lyzed a second ES line harboring the wild-type Fi3A-confirming specific Foxh1 binding to the sheared FNE hsp68LacZpA transgene (clone S1-6) and observed fragment (data not shown). To determine if Foxh1 and similar expression in beating foci (data not shown). In Nkx2-5 co-occupy the FNE, we next employed a twocontrast, none of the ES cell lines with the Fi3A-F2m-step DNA immunoprecipitation procedure (Benchabane hsp68LacZpA mutant transgene displayed detectable and Wrana, 2003). For this, protein-DNA complexes in lacZ expression ( Figure 6A and data not shown). Next, either Foxh1 or Nkx2-5 immunoprecipitates were isowe analyzed these lines using tetraploid aggregation, lated, eluted, and then subjected to a second immunowhich leads to 100% contribution of ES cells to the precipitation using the opposite antibody. In cells exembryo (Nagy et al., 2003). Analysis of tetraploids depressing either Foxh1 or Nkx2-5 alone, no FNE was rived from clone S1-2, which harbors the wild-type Fi3A-detected in the double immunoprecipitate, whereas hsp68LacZpA transgene, revealed staining in the devel-PCR product was readily detected in cells coexpressing oping myocardium that extended anterior and dorsal to Foxh1 and Nkx2-5 ( Figure 5C ). Thus, Foxh1 and Nkx2-5 the developing heart tube at E8.25 ( Figure 6B ), similar can co-occupy the Mef2c FNE.
to expression of the AHF markers, Fgf8 and Fgf10 (FigCo-occupation ing the Foxh1 mutant element ( Figure 6C ). We also The homeodomain alone was also able to bind Foxh1 to examined tetraploid embryos derived from our second some degree ( Figure 5F ). Therefore, the amino-terminalFi3A-WT ES line (S1-6), which also displayed staining homeodomain region of Nkx2-5 is important for efficient in beating foci. Although overall staining was weaker in binding to Foxh1. To determine if the physical interaction tetraploid embryos derived from this line, similar staining between Nkx2-5 and Foxh1 is important for activation in the AHF and its derivatives was observed (data not of the FNE, we focused on Nkx2-5(⌬N) which decreased shown). These results point to a key role for Foxh1 in Thus it is tempting to speculate that the absence of heart defects in Foxh1 mutant zebrafish reflects the absence of an AHF in fish, which have a single ventricle heart and no right-sided circulation. Foxh1 may have been co-opted during evolution to mediate formation of the AHF, which is needed for elaboration of the rightsided, pulmonary circulation. Smads to distinct promoter elements via a common Smad interaction motif. Genes Dev. 14, 435-451.
